Relativistic density functional calculations have been carried out on the model cluster Au 55 (PH 3 ) 12 Cl 6 assuming a cuboctahedral or an icosahedral Au 55 metal core to model the experimentally suggested cluster compound assigned as Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 . Besides the overall shape of the metal core, the study focused on the unresolved issue at which sites the chlorine ligands are attached. The calculations reproduce characteristic interatomic distances within ∼ 2 pm, with the exception of the Au-Cl bonds. Chlorine ligands were calculated to prefer higher coordinated sites whereas the previously postulated on-top coordination at the center of the Au (100) facets of a cuboctahedron was found to be unstable. In fact, the present model results suggest an ensemble of several higher coordinated sites. The often assumed cuboctahedral shape of the metal cluster core was determined to be slightly less stable than an approximately icosahedral shape. The calculations allow a rationalization of the difficulties faced in experiments that attempted to discriminate cluster isomers.
Introduction
Small metal particles are important as building blocks of nanostructured materials [1 -4] . Metal clusters often are stabilized by a protective shell of ligands because bare metal species agglomerate easily or incorporate impurities [2, 3] . Despite being decorated by ligands, these clusters still may be viewed as models for catalytically active small metal particles [3] . For instance, gold cluster catalysts with particle diameters from 1.4 nm, i. e. with 55 and more gold atoms, have recently been reported as very active in the transfer of oxygen [5 -8] . Ligands affect the preferred nuclearity and therefore are often introduced during the synthesis of metal particles to control the nucleation process [1 -3] . A notable example is the cluster compound assigned as Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 to which this study is devoted [9] . In fact, it was proposed [9, 10] that clusters of a specific nuclearity are generated when one reduces (C 6 H 5 ) 3 PAuCl with B 2 H 6 in benzene at 50 • C. Stable monodisperse cluster systems of this size are quite rare [1, 2] , yet very interesting for building up nanostructured systems with precise size-dependent properties.
0932-0776 / 09 / 1100-1246 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Originally, a cuboctahedral structure was postulated for Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 [9] . As a cuboctahedron features 12 corners and 6 facets, it is suggestive to assign the phosphine ligands to corner sites and the chlorine ligands to locations at the centers of the (100) facets [9] . The Au 55 cluster compound did not yield crystals suitable for X-ray crystallographic studies [10] , but extended X-ray fine structure spectroscopy (EXAFS) furnished Au-Au nearestneighbor distances of 275 -280 pm [11 -13] . The result Au-Au = (278.5 ± 0.3) pm with the smallest error range [13] agrees very well with the average nearest-neighbor distance, 279 pm, calculated with the local density approximation (LDA) for a bare cuboctahedral cluster Au 55 [14] ; the corresponding value for bare Au 55 with icosahedral symmetry constraints was 281 pm [14] . These values are noticeably shorter than the experimental nearest-neighbor distance of bulk gold, 288 pm [15] in line with the well known scaling of interatomic distances of metal clusters [14] . A study using another method based on Density Functional Theory (DFT), employing a plane-wave approach in combination with the gradientcorrected exchange-correlation functional PW91, de-termined an average Au-Au distance of 288 pm for cuboctahedral Au 55 and 290 pm for the corresponding bare icosahedral species [16] .
The Au-Au coordination numbers from different EXAFS studies scatter notably (7.8 [12] , 7.6 [11] , 6.5 [13] ) with uncertainties ranging from 0.4 to 1. An ideal cuboctahedron of 55 atoms exhibits an average coordination number of 7.85; for an icosahedron of the same nuclearity, the average value is slightly larger, 8.51 [14] . Note that one EXAFS investigation was able to resolve more than a single shell of Au-Au distances [11] . For the second shell at 393 pm, the coordination number was determined to 5.0 ± 8; for the third shell at 488 pm the coordination number was 0.60 ± 0.5.
Early on, results of mass spectroscopy on the Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 sample were alternatively interpreted as comprising Au 67 moieties with a structure where six icosahedral Au 13 moieties are interconnected by 11 vertices [17, 18] . An ideal icosahedral cluster features intershell Au-Au bonds that are 5 % shorter than its intrashell bonds, at variance with an ideal octahedral cluster where tangential and radial bonds are equally long. EXAFS was able to resolve these two different bond lengths for the icosahedral cluster Au 11 L 7 I 3 , but not for Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 [11] . Therefore, an icosahedral shape of the Au 55 moiety was ruled out [11] . Further studies on the nuclearity of the metal core of Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 claimed that either such cluster samples contained a size distribution or prevailing experimental conditions destroyed the mononuclearity [19 -22] . In particular, X-ray exposure in spectroscopic experiments was shown to decompose the ligand shell [23, 24] . As a result, the structure of this particular cluster compound and the dispersion of the size of the metal core, even the existence of a definite compound as such, remained controversial till today [11, 13, 17 -22, 24 -27] .
From the decomposition enthalpy, 1590 kJ mol −1 , of Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 , measured at 156 • C, a binding energy of 76 kJ mol −1 per Au-Au bond was estimated [28] . This calorimetric measurement involves a destructive reaction, which can be triggered thermally and happens as a "strong sharp exothermic decomposition" [28] . This finding was taken as additional signature of a well-defined compound [28] . From IR spectroscopy the frequency of the Au-Cl stretching vibration of Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 was determined at 280 cm −1 while the reactant of the synthesis, (C 6 H 5 ) 3 PAuCl, exhibits this mode at 330 cm −1 [9] . Also electronic properties of the cluster compound Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 were intensely studied, e. g., at the energy range close to the Fermi level with UV/Vis spectroscopy [23] and by X-ray photoemission spectroscopy on selected Au 4 f core levels [23, 29 -38] . The claimed removal of the chlorine ligands increases the intensity of photoelectron spectra in the vicinity of the Fermi level by a factor of 6 (from close to zero), rendering it similar to the intensity measured for a gold film [23] ; this change in the electronic structure was interpreted as an insulator-to-metal transition [23] . In summary, despite extensive experimental effort, the structure of the metal moiety of Au 55 [P-(C 6 H 5 ) 3 ] 12 Cl 6 as well as crucial aspects of metal-metal and metal-ligand bonding remained open. In the following we report quantum chemical calculations on this cluster compound that were carried out to assist the interpretation of experimental findings.
Computational Method and Models
We carried out all-electron calculations with the linear combination of Gaussian-type orbitals fitting-functions density-functional (LCGTO-FF-DF) method [39] as implemented in the program PARA-GAUSS [40, 41] . Scalar relativistic effects were taken into account self-consistently with the Douglas-KrollHess (DKH) approach to the Dirac-Kohn-Sham problem [42 -44] . All calculations were performed in spin-unrestricted fashion. Structures were optimized at the LDA level [45] . Subsequently, at these LDA equilibrium geometries, binding energies were calculated self-consistently with the gradient-corrected exchange-correlation functional proposed by Becke and Perdew (BP; generalized gradient approximation, GGA) [46, 47] . This "single-point" strategy provides sufficiently accurate binding energies in a very efficient manner [48] . Often, especially for systems with many heavy-element atoms, LDA yields more accurate results for bond lengths, whereas GGA functionals in general provide more reliable energetic parameters [49 -51] . Vertical ionization potentials (IPs) and electron affinities (EAs) as well as other features of the electronic structure were determined at the GGA level. For the numerical integration of the exchangecorrelation contributions, we used a superposition of atom-centered spherical grids [52] that in the angular coordinates are accurate up to angular momentum L = 19 [53] . These grids comprised about 16000 points for an Au center, 12000 for Cl and P centers, and 7000 for H centers.
The Kohn-Sham orbitals were represented by flexible Gaussian-type basis sets [54] , contracted in a generalized fashion. For Au, a (19s, 15p, 10d, 6f) basis set was contracted to [9s, 8p, 5d, 2f]. For P and Cl, (12s, 9p, 1d) basis sets were contracted to [6s, 5p, 1d]. For H, the contraction (6s, 1p) → [4s, 1p] was chosen. In the LCGTO-FF-DF method, the Hartree contribution to the electron-electron interaction is evaluated by representing the electronic charge density with an auxiliary Gaussian-type basis set [39] . The functions of sand r 2 -type of this auxiliary set were constructed in a standard fashion by scaling the exponents of the orbital basis sets [39] . In addition, five p-and five d-type "polarization" exponents (except for H) were added on each atom, chosen as geometric series with factors of 2.5, starting at 0.1 and 0.2 au, respectively. Thus, the auxiliary basis set was of the size (19s, 7r 2 , 5p, 5d) for Au, (12s, 9r 2 , 5p, 5d) for P and Cl, and (6s, 1r 2 , 5p) for H.
In the SCF calculations, the elements of the density matrix were converged to at least 10 −8 au. Geometries were considered to be converged when the maximum component of the energy gradient and the optimization step had dropped below 10 −5 au. The average binding energy BE(X) of a ligand X at the cluster Au 55 was determined as
where E tot is the total energy of a system. In the compound Au 55 12 Cl 6 , invoking simplified phosphine ligands and certain symmetry constraints (see below). We refer to the various coordination modes of chlorine as µ 1 for terminal, µ 2 for bridge, and µ 3 for hollow coordination. As a second label of a structure, we use the symmetry constraints imposed on the calculation. Isomers of the same type of chlorine coordination are discriminated by labels α and β . For example, Au 55 (PH 3 ) 12 -(µ 3 -Cl) 6 S 6 α denotes one of the isomers calculated with S 6 symmetry where chlorine ligands are coordinated at hollow sites.
Results and Discussion
As reference, we will first discuss results for the bare model cluster Au 55 when different symmetry constraints are imposed. Then we discuss the effect of using model phosphine ligands PH 3 instead of triphenylphosphine P(C 6 H 5 ) 3 . Next, we address chlorine coordination at various sites of an Au 55 cluster. Finally, we present the results for the fully ligated cluster model Au 55 (PH 3 ) 12 Cl 6 . 55 We first optimized the structure of Au 55 as a cuboctahedron using O h symmetry constraints (Table 1) . A calculation using the subgroup D 2d of O h , not shown in Table 1 , gave essentially identical results. Starting the geometry optimization with a cuboctahedral cluster, but imposing the reduced symmetry S 6 , resulted in a distorted icosahedral structure where each original (100) facet is broken along a diagonal into two triangular facets, yielding 20 triangular faces in total ( Fig. 1) . Recall that the group S 6 is a subgroup of the icosahedral group I h [56] . Finally, we also determined the structure of Au 55 as an icosahedron using I h symmetry constraints (Table 1) .
Model cluster Au
The average nearest-neighbor distance of the Au 55 cuboctahedron (O h ) was calculated at 277.4 pm, while the icosahedral model yielded 280.0 pm. The distorted icosahedral structure with S 6 symmetry exhibits a slightly longer average Au-Au distance, 280.3 pm ( Table 1) . The O h and S 6 structures feature a doublet ground state while the ideal icosahedral model has a quartet electronic state with a singly occupied degenerate HOMO, 66 g 1 , that is expected to undergo a Jahn- 55 cluster of cuboctahedral and quasi-icosahedral shape. a) Au 55 in O h symmetry, oriented in the same way as species with constraints according to S 6 symmetry; b) Au 55 in S 6 symmetry adopting a quasi-icosahedral shape; note the distortion of the (100) facet at the top right of this structure.
Teller distortion. The I h structure has also the largest HOMO-LUMO gap, 0.9 eV, while the cuboctahedron exhibits a gap of 0.22 eV and the distorted icosahedral S 6 species a gap of 0.14 eV. The ionization potential and the electron affinity vary only slightly with the structure, 6.2 ± 0.1 eV and 4.0 ± 0.1 eV, respectively ( Table 1) .
The quasi-icosahedral S 6 structure yields the lowest total energy; the O h structure lies 6.6 kJ mol −1 , the ideal I h structure 20.8 kJ mol −1 higher in energy. Therefore, the three structures are expected to transform easily into each other under the influence of a ligand environment. The binding energy per Au atom is 251 kJ mol −1 for each of the three shapes whereas the binding energy E bond per Au-Au bond varies by ∼ 10 % among the different structures, from 64 to 59 kJ mol −1 (Table 1) . However, this variation is simply a consequence of the fact that the number of bonds varies with the shape. In a previous study [14] relying on GGA geometries optimized with a more flexible basis set, the icosahedral structure was calculated 265 kJ mol −1 more stable than the cuboctahedral shape, which translates into a difference of ∼ 5 kJ mol −1 in the binding energies per atom. As the present study aims at larger systems and systems of low symmetry, we chose a less flexible basis set. A recent DFT study [16] , using the PW91 exchange-correlation functional with a plane-wave approach, determined the icosahedral shape 106 kJ mol −1 more stable than the octahedral one. A tight binding approach [57] predicted this energy preference of the icosahedral structure at 26 kJ mol −1 . While studying symmetric model systems one should keep in mind that there is also computational evidence for amorphous structures of Au 55 clusters [58 -60] .
Phosphine ligands on Au 55
The effect of replacing the triphenylphosphine groups P(C 6 H 5 ) 3 of Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 by simple phosphines PH 3 was checked on the molecule [P(C 6 H 5 ) 3 ]AuCl. An earlier study had quantified the effect of such a simplification for the molecule (CH 3 )AuPR 3 , R = H, CH 3 , and C 6 H 5 [61] . There the model with the simple phosphine was found to reproduce the Au-CH 3 bond length of 202 pm within 3 pm, and the corresponding ligand binding energy, 436 kJ mol −1 , within 1 %. Table 2 shows that bond lengths of [P(C 6 H 5 ) 3 ]AuCl from X-ray diffraction and EXAFS data agree within 1 % [62] . When PH 3 is used as model ligand, the Au-P distance of [P(C 6 H 5 ) 3 ]AuCl, calculated at 221.2 pm, is reproduced with a 1 % deviation whereas the Au-Cl bond is calculated 2 % too short compared to experiment. The stretching frequency ν(Au-Cl), 386 cm −1 , derived from a full normal mode analysis, overestimates the experimental result, 330 cm −1 [9] . Thus, for this bond the electron do- 3 ]AuCl is calculated 6.5 pm shorter than in the corresponding crystal structure (Table 2 ) [64] . This deviation may be a packing effect of the crystal structure, where the molecules are oriented to form trimer chains with Au-Au distances of at least 355 pm. In addition to the elongated Au-Cl distances, this feature of the crystal structure may also rationalize the low vibrational Au-Cl frequency of 312 cm −1 [64, 65] . In view of this argument, one may wonder about the close reproduction of the Au-P distance; note, however, that the Au-P bond length hardly changes with the substituents R of PR 3 , R = phenyl, methyl, H (Table 2) .
Overall, we consider PH 3 as adequate model for studying the effects of phosphine ligation on Au 55 , but the length of Au-Cl bonds may be slightly underestimated. Following the early structure model for Au 55 12 , 278 pm, is 1 pm larger than in Au 55 .
The 12 PH 3 ligands strongly affect the IP and EA values of the system, which are reduced by 1.7 and 1.5 eV, respectively, compared to bare Au 55 . A Mulliken analysis indicates a small total transfer, ∼ 0.3 e, of electron density from the ligand shell to the Au 55 core. The binding energy per PH 3 ligand on Au 55 , 71 kJ mol −1 , is rather small compared to the atomization energy per Au atom, 251 kJ mol −1 , of the bare cluster, but slightly stronger than its average Au-Au bond, ∼ 64 kJ mol −1 . In view of previous results [61] , one would expect that P(C 6 H 5 ) 3 binds stronger to Au 55 Fig. 3a, b ; b angle ϕ between the main symmetry axis and a line from the central Au atom to a chlorine ligand (Fig. 4a) ; c for the coordination mode, see Fig. 4b ; d distance between Cl and its closest Au neighbor; e distance to the second-nearest Au atom; for hollow coordination, there are two Au 2 -Cl bonds; f average Au-Au bond length; g binding energy per Cl atom; h vibrational frequencies ν of Au-Cl modes from a restricted normal mode analysis with a fixed Au 55 core in S 6 symmetry; i total charge of the Cl 6 ligand shell from a Mulliken analysis. Chlorine coordination on Au 55 We examined chlorine coordination at cuboctahedral Au 55 before addressing the full model cluster compound. EXAFS results for Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 served as reference: Au-Cl = 250 pm, Cl coordination number = 2.3 ± 1 [11] . Exploratory calculations on Au 55 Cl 6 showed that Cl coordination on top of the central Au atoms of the (100) facets of cuboctahedral Au 55 (Fig. 3a) , as proposed for the compound Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 [9] , is a local energy maximum with regard to lateral movement of the ligands. Therefore, we decided to scan the energy profile of Au 55 Cl 6 in D 3d symmetry along a path (Fig. 4a) where the Cl atoms move from this central on-top sites via the ontop sites on edges to the three-fold hollow sites of the (111) facets (Fig. 3b) . This path, which also includes the two-fold sites on the (100) facets, can be parameterized by the angle ϕ between the main C 3 axis and the line from the center of the cluster to one Cl ligand (Fig. 4a) .
Nearest-neighbor distances Au 1 -Cl vary strongly with the coordination mode -from 231 pm for the strongest bound top sites at the edges between adjacent facets to 256 pm at hollow sites of the (111) facets (Table 3). The Au 1 -Cl distance increases by ∼ 10 pm per coordinated Au atom. The average Au-Au distance increases concomitantly, but overall varies by only 3 pm. The distances Au 2 -Cl from the ligand to the secondnearest Au centers are also listed in Table 3 to demonstrate the symmetry of the two-fold sites on Au(100) facets and the three-fold sites on Au(111) facets. According to the calculated energies BE (Table 3) , on-top adsorption complexes are the least stable ones along the path scanned. Without crossing a barrier, a Cl ligand gains 42 kJ mol −1 on moving to a bridge position where it reaches the lowest point along the path explored, with BE = 246 kJ mol −1 . Cl ligands on top of edge sites are only 6 kJ mol −1 more bound than at the central (100) top sites while ligation at the hollow position of the (111) facets is almost as stable as in a bridge complex, BE = 234 kJ mol −1 (Table 3) .
To characterize approximately the local movements of the chlorine centers, we carried out a restricted normal mode analysis at the stationary points along the path just described (Fig. 4, Table 3 ), keeping the Au 55 cluster core fixed. With symmetry constraints reduced to subgroup S 6 of D 3d , Cl vibrations in both directions parallel to the surface of the metal moiety are feasible, along the path and perpendicular to the mirror plane that contains the path. The frequency of the radial mode of a chlorine atom, perpendicular to that surface, varies notably with the site. As expected, higher values were determined at top coordinated sites (308, 285 cm −1 ), lower ones at the bridge (244 cm −1 ) and the three-fold hollow site, (218 cm −1 ). Top coordination at the center of the (100) facet yields two imaginary frequencies, hence is a local maximum with respect to lateral displacements. The two structures involving higher coordinated chlorine atoms (bridge, three-fold) are local minima of the potential energy surface. The top-coordinated site on the edge between the (100) and (111) facets is a saddle point of first order with the negative curvature directed along the edge. Thus, along the path depicted in Fig. 4a , one calculates a minimum for Cl at the top site of the edge. The latter finding may come as a surprise; it is associated with two changes of the electronic configuration on the way from the neighboring bridge site to the subsequent hollow site. The electron density withdrawn from the Au 55 cluster by the chlorine ligand shell correlates inversely with the Au coordination of the ligation site: −1.5 e for top coordination, −0.9 e at the bridge, and −0.5 e at the hollow site.
These findings were checked by slab model calculations using a pseudopotential plane-wave based LDA supercell method on models of Cl adsorption at the ideal Au(100) and Au(111) surfaces. On Au(100), twofold bridge sites were calculated as most stable; the binding energy was determined ∼ 48 kJ mol −1 per adsorbate higher than for complexes with terminal chlorine coordination. The second most stable adsorption complex on Au(100) is at the three-fold hollow site; adsorbate binding is 7 kJ mol −1 less strong than at the bridge site. The frequencies of the vibrational motion perpendicular to the surface compare within ∼ 5 cm −1 with the corresponding results of the cluster models. The normal mode of Cl coordinated on top of Au(100), 281 cm −1 , is very similar to the corresponding cluster result. Essentially the same match holds for the frequency of the radial motion of Cl at the bridge site of Au(100), 239 cm −1 , and between the hollow site on the Au 55 cluster and the hcp site of the Au(111) surface, 212 cm −1 . In summary, the calculated vibrational frequencies of Cl adsorption complexes on the cluster Au 55 on the one hand and at the surfaces Au(100) and Au(111) on the other hand agree very well.
Finally, we mention clusters of size Au 13 and Au 39 where X-ray analysis revealed a terminal-like coordination of Cl ligands [66, 67] . However, these metal clusters do not exhibit surface facets, rather the Cl ligands are attached at corner and edge sites of a buckled surface. Hence the structures of these clusters are essentially different from that of Au 55 .
Model cluster Au 55 (PH 3 ) 12 Cl 6
We studied the structure of the model cluster Au 55 (PH 3 ) 12 Cl 6 for selected Cl sites as the size of this problem did not allow an exhaustive search of all possible sites of chlorine at the cluster Au 55 (PH 3 ) 12 . In all structures studied (Fig. 2) , the model phosphine ligands PH 3 were placed at corner atoms of Au 55 and chlorine ligands were separated at least 320 pm from the closest hydrogen of the PH 3 groups. We used a model of D 2d symmetry to explore the structure originally proposed where the chlorine atoms were assigned to the centers of the (100) facets of Au 55 (Fig. 2a) [9] . To model Cl at bridge sites on (100) facets or threefoldhollow sites on (111) facets (Fig. 2b) , we used a cluster model of S 6 symmetry. This symmetry restriction allows one to study all arrangements of six symmetry equivalent chlorine centers. Yet, even this low symmetry is idealized because one can imagine chlorine atoms to assume in general locations independently of each other. We refrained from investigating four-fold sites on the (100) facets as they are expected to be affected rather strongly by steric hindrance from the triphenylphosphine ligands. For similar reasons, we also excluded top sites on edges.
For all models rather similar binding energies per Cl ligand have been calculated, ranging from 226 kJ mol −1 for top coordination to 251 kJ mol −1 for hollow coordination on a cluster model with S 6 Au 55 Au 55 12 Cl 6 essentially preserve the octahedral shape of the Au 55 metal core. However, the most stable structure S 6 β with Cl at threefold hollow positions adopts a quasi-icosahedral structure where the (100) facets are bent along their diagonal by 40 • (Fig. 2c) . In an ideal icosahedron this angle between adjacent surface triangles is 45 • . Isomer S 6 α with the same Cl coordination, but octahedral symmetry of the Au 55 metal core, yields a lower ligand binding energy, 238 kJ mol −1 , which corresponds to a total energy difference of 79 kJ mol −1 with respect to model S 6 β (Table 4). Bridge coordination of Cl leads to a similar ligand binding energy, 234 kJ mol −1 . With a total energy difference of only 2 kJ mol −1 , the two isomers with Cl in top coordination (D 2d symmetry) are degenerate, despite of different spin states (doublet and quartet, Table 4 ); they feature the lowest binding energy, 226 kJ mol −1 .
As for Au 55 Cl 6 , in the fully ligated models the Au-Cl bond lengths of the octahedral species increase with the coordination number, from 238 pm for top coordination to 250 pm at the bridge position to ∼ 260 pm for the threefold-hollow position (Table 4) . In contrast, at the threefold hollow positions of the quasi-icosahedral species S 6 β , one Au-Cl bond is notably shorter, 251 pm, than the other two contacts, 264 pm and 268 pm. On the cluster compound S 6 α Cl occupies the hollow site in a rather symmetric way, 258 -262 pm. In the presence of the phosphine ligands, the Cl bond lengths are 4 -5 pm longer than in Au 55 Cl 6 (Tables 3, 4 ). Au-P bonds are remarkably stable with respect to different positions of the Cl ligands. They vary between 230 and 232 pm, in perfect agreement with the experimental value, 230 pm [11] . Also average Au-Au distances increase only slightly due to Cl coordination, from 278 pm for on-top Cl deposition to 280 -282 pm for the higher coordinated sites (Table 4) . These values are at most 1 pm larger than for the model Au 55 Cl 6 (Table 3) , despite the relatively strong distortions of the metal cluster core in the most stable species S 6 β (Fig. 2c) .
Comparison of the calculated structures with experiment is quite limited. Only the Au-Cl bonds of Au 55 (PH 3 ) 12 (µ 2 -Cl) 6 S 6 compare well with the experimental result, 250 pm [11] . For cluster models with Cl at µ 3 (hollow) sites, the short Au-Cl distance, 251 pm, also matches the experimental value. However, EX-AFS experiments should be able to detect also the other Au-Cl distances, up to ∼ 268 pm, if that structure were present. Top coordination of Cl, with computed Au-Cl bonds of ∼ 238 pm, is at variance with EXAFS results [11] . The experimental value of Au-P, 230 ± 2 pm, is well reproduced by all cluster models studied; the corresponding computational results, ranging from 230 pm to 232 pm, fall within the error margin of the experiment. The computed average Au-Au distances, 278 -283 pm (Table 4) , are compatible with the larger values determined experimentally, 280 [12] , 278.5 [13] , and 275 pm [11] . The second and third shells of Au-Au distances have been also reported from experiment [11] ; therefore, we analyzed the distributions of nearest-neighbor Au-Au distances of all Au centers in the model clusters studied. Fig. 5 displays the histograms (bin width 10 pm) that result from counting the number of Au-Au distances per Au atom. Multiplication by the factor 2/55 yields the values displayed which are normalized to a single Au atom as reference.
The histograms of the cluster models with cuboctahedral cluster core, Au 55 , Au 55 (PH 3 ) 12 (µ 1 -Cl 6 )α, and Au 55 (PH 3 ) 12 (µ 1 -Cl 6 )β , apparently are very similar (Figs. 5a, b, c) . Thus metal cores of the two D 2d structures of Au 55 (PH 3 ) 12 Cl 6 remain close to the shape of an ideal cuboctrahedron. This result also illustrates the overall structural similarity of the two spin states of D 2d symmetry. The model Au 55 (PH 3 ) 12 (µ 2 -Cl) 6 S 6 , with Cl ligands at bridge sites, generates a pattern similar to those of the cuboctahedral models, but the peaks are slightly broadened (Fig. 5d) . In contrast, the main features of the radial distribution function of Au 55 (PH 3 ) 12 (µ 3 -Cl) 6 S 6 α, the quasi-cubocahedral cluster model with S 6 symmetry, are distinctly broadened (Fig. 5e) , reflecting the distortion of the cluster structure. The quasi-icosahedral isomer of S 6 symmetry, Au 55 (PH 3 ) 12 (µ 3 -Cl) 6 S 6 β , exhibits a radial distribution function with peaks that are clearly shifted with respect to the distributions of the cuboctahedral clusters (Fig. 5f) . Nevertheless, all structures reproduce reasonably well the experimentally found first shell, with values between 270 and 280 pm. At the resolution of the histogram, inter-and intra-shell distances of the quasi-icosahedral structures do not differ in a significant way.
The radial distribution functions of all structures, except Au 55 (PH 3 ) 12 (µ 3 -Cl) 6 S 6 α (Fig. 5e) , feature a second pronounced shell at 390 pm, in excellent agreement with experiment, 393 pm [11] . In all structures one notes a third peak near 470 -480 pm, which also matches experiment, 488 pm [11] . Leaving aside the structure of the quasi-cuboctahedral cluster Au 55 (PH 3 ) 12 (µ 3 -Cl) 6 S 6 α, one notes an overall very good agreement for the Au-Au distances. The deviations of 5 % between inter-and intra-shell distances of an ideal icosahedron are reflected only in some broadening of the peaks, but not as distinctive patterns in the calculated distribution functions. Hence, detection of inter-and intra-shell distances by EXAFS seems quite unlikely. A clear distinction of these Au-Au distances can only be expected if the metal centers are distributed uniformly. This is the case for small clusters with an icosahedral structural motif, e. g. with 13 or less metal centers (see Introduction). However, in view of the perturbation by the ligands one should not expect the metal core of a large ligated cluster like Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 to feature such an ideal shape.
Finally, note that the radial distribution functions of the quasi-cuboctahedral and quasi-icosahedral clusters essentially agree for the first three shells (Figs. 5a, g ). The various distributions differ notably in the position of the fifth shell which peaks near 620 pm for all cuboctahedral structures, but at ∼ 650 pm for icosahedral clusters. However, with EXAFS interatomic distances of 600 pm or beyond are not easily measured in an accurate way [11, 13, 86, 69] .
After analyzing the structures and the stability of the various cluster models, we now discuss some calculated electronic properties ( Table 4 ). The HOMO-LUMO gap varies only slightly among the cluster models studied. The largest gap, 0.37 eV, is calculated for the doublet state with top coordinated Cl ligands, while 55 . Both, IP and EA show weak trends to lower values with increasing stability of the cluster compound; these variations unfortunately are too small to assist in discriminating structures experimentally. The Mulliken charges are as expected from coordination chemistry. The Cl ligands withdraw electron density from the metal particle, while PH 3 ligands donate density. Compared to Au 55 Cl 6 (Table 3) , the charge on the metal moiety of Au 55 (PH 3 ) 12 Cl 6 does not change when phosphines are attached. The electron density donated to the cluster by the PH 3 ligands overall is transferred to the Cl ligand shell (Table 4) .
Density of states (DOS) plots (Fig. 6) provide an overview of the valence electronic structure. Recall that the Kohn-Sham energies from approximate exchange-correlation potentials in general differ from ionization energies [51] . The d-manifold of the Au moiety dominates the region between −7 eV and −12 eV, whereas the DOS at the Fermi edge consists of s-type levels. As the calculations did not account for the spin-orbit interaction, comparison of the Au 5d manifold with experiment should be done with due caution. The effect of terminally coordinated Cl ligands on the DOS is small. Only the Fermi energy is slightly shifted to a lower value (in absolute terms); also, at about −7 eV, the Cl 3p levels appear as a shoulder on the Au 5d manifold. The Cl 3s levels form a small peak near −20 eV. In agreement with the effect on the ionization potential (Table 4) , phosphine ligands induce a strong upward shift, by ∼ 2 eV, of the DOS and the Fermi energy. One notices two peaks, at about −17 eV and −10 eV, that are related to the PH 3 ligands. The phosphine induced shifts of the Au 5d manifold and the Fermi energy of Au 55 are also observed for the fully ligated species Au 55 (PH 3 ) 12 (µ 1 -Cl) 6 D 2d α (Fig. 6d) ; the other spin isomer, Au 55 12 (µ 3 -Cl) 6 S 6 β ), despite the different geometry of the metal core (see above). The energy of the Fermi level correlates with the ionization potential as is to be expected [51] if selfinteraction artifacts due to the approximate exchangecorrelation potential are comparable for the systems inspected. The HOMO of the cluster compound is destabilized when phosphine ligands are coordinated, while chlorine coordination has a small effect in the opposite direction. In experiment, the ultraviolet photoelectron spectrum was observed to change at the Fermi level upon removal of chlorine ligands [23] . The calculated DOS of the model Au 55 (PH 3 ) 12 (Fig. 6c ) is lower at the Fermi level, and all fully coordinated species show a similar DOS. An insulator-to-metal transition had been associated with changes of the experimental DOS upon removal of Cl ligands [23] , but we were unable to identify similar changes in the calculated DOS upon go-ing from Au 55 (PH 3 ) 12 Cl 6 to Au 55 (PH 3 ) 12 . Indeed, removal of Cl ligands may cause unidentified changes in the structure of the sample and hence in the interaction between neighboring cluster compounds. However, from the present results, we are unable to identify signatures of a metal-to-insulator transition.
Summary
Using relativistic density functional calculations on model clusters Au 55 (PH 3 ) 12 Cl 6 , we explored geometric and electronic properties of various structures of the proposed cluster compound Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 . The shape of the metal moiety and the coordination of the Cl ligands were varied whereas the phosphine ligands in all models were assumed to be coordinated on top of Au corner atoms. The originally suggested structure [9] with terminal Cl coordination on top of Au centers of (100) facets was calculated to be a local energy maximum for lateral movement and energetically unfavorable, with an Au-Cl binding energy of 226 kJ mol −1 . The binding energy of bridgecoordinated Cl ligands at (100) facets was calculated higher, at 234 kJ mol −1 . Even larger Au-Cl binding energies resulted for Cl ligands at three-fold sites, 238 kJ mol −1 on a cuboctahedral and 251 kJ mol −1 on a quasi-icosahedral cluster core. Au-Cl bond lengths were calculated to increase by ∼ 10 pm per neighboring Au center: from ∼ 240 pm for terminal, to ∼ 250 pm for two-fold, and ∼ 260 pm for three-fold coordinated Cl ligands. EXAFS data agree favorably with the two latter values for higher coordinated sites. When Cl ligands are attached at three-fold sites of an octahedral Au 55 structure, the metal moiety relaxes notably to form a quasi-icosahedral cluster; the concomitant energy gain is 79 kJ mol −1 . For all species studied, the model phosphine ligands PH 3 are attached via Au-P bonds of 230 pm, in good agreement with EXAFS data. These phosphine ligands donate electron density to the cluster, shifting the DOS (including the HOMO) to lower binding energies. In consequence, ionization potential and electron affinity are calculated to be reduced by ∼ 1 eV.
Comparison to EXAFS results shows that the calculated shells of Au-Au distances fit equally well both cuboctahedral and icosahedral cluster models. For all structures studied, calculations reproduce the first three shells within 10 pm of the experimental values, 275 pm, 393 pm, and 488 pm. The only exception is the structure of the distorted cuboctahedral cluster Au 55 (PH 3 ) 12 (µ 3 -Cl) 6 S 6 α.
In summary, from this computational study one concludes that Cl ligands of the cluster compound Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 are higher coordinated, at variance with the earlier suggestion of terminal coordination [9] . Structural and energetic aspects of the present calculations favor a (quasi-) icosahedral shape of the Au 55 cluster core over a distorted cuboctahedral structure. Thus, the calculated results corroborate the hypothesis [21, 22] that the cluster compound Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 features a distorted metal moiety of quasi-icosahedral shape. One should keep in mind that Cl ligands at hollow sites may not follow a highsymmetry pattern, as assumed in the present models. Rather, in the samples studied experimentally, the six Cl ligands may to some extent be randomly distributed on the hollow sites of 20 suitable triangular facets of a quasi-icosahedral metal moiety. An ensemble of isomers results, but the clusters of a given sample may not even be stoichiometrically identical.
Au 55 [P(C 6 H 5 ) 3 ] 12 Cl 6 is one of the few better characterized large cluster compounds. Ever since its first synthesis [9] , this compound stimulated many studies to uncover its structure and other properties [10 -13, 17, 18, 20 -22, 28 -31, 34] . The present computational results indicate that further experimental work, especially regarding the shape, and the ligand coordination of the metal core, is required to achieve a full characterization of this cluster compound. Finally, we hope that the results obtained for the model cluster Au 55 (PH 3 ) 12 Cl 6 may also serve as useful reference when studying similar cluster compounds.
